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ANDVARIOUSENGImSYSTEWUSINGA

1 12-OYHI!WRLIQDCOOIJIDEXWINE

.ByLelandG.Des?ncnandIIldcnW. Same

An experimentaltivesti.gationofa blowdownturbineinstalled
h theetiuststreamofa 12-c@inderliquid-cooledengineof
1710-cubic-inchdisplacementwasconductedattheX9AOACleveland
laboratory.Exhauststacksfrom@rs ofcylinderswithncnove~
lRppingexhauststrokeswerejoinedandconnected.tothesix
turbine-nozzlesegments.

Theblcwdownturbineandthereciprocatingenginewereeach
loaddwithsepmatedynamometersand.datawereobtainedforengine
speedsof2000,2400,and3000rp, engineinlet--old press-s
of30and40inchesmercuryabsolute,fuel-airratiosof0.063,0.069,
and0.085,anda nmge of mtiosofe-ust toinlet-madfoldpres-
surefrom0.3to0.9.Ateachset& engineconditions,a rangeof
turbinespe~ sufficientto&efinethepeakvalue& turbinehorse-
pwerwasinvestigated.

Thedata obtaindarecorrelatedand00mparOawithdata0btmit3a
froma smallerW blowdownturbtiepreviouslyinvestigated..The
effectofthepresenceoftheturbineonenginepoweranavolumetric
efficiencyisshown.Calculatedcompound-engineperformanceispre-
sentedfora systemincorporatinga blowdownturbineandfora
systeminccrpomtinga blcwdownanda steady-flowturbineinseries.‘
Wcludeaforcomparisonisthecalculatedwrformanceofanenghw
systemwithall-geareasupercharging,onewithturbosupercharging,.
anda compoundenginewitha steady-flowturbine.

Thecalctitionsindicate(ithatundercertainconMtionf3,the
blcwdown-turbinecompoundengine
flow-turbinecompoundenginefor.
to31,000feet.

prducedmorepowwrthanthe-steady-
thealtituderangefrm sealevel
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AttheWme ofexhaust-valveopening,thepressureaPthegas
intheoyWiderofan internal-combustionengineisconsiderably
aboveatmosphericpressure,andthegasisthereforecapableof
ddnganappreciableamountd workbyfurtherexpension.Ifa
steady-flowturbineisoperatedb conjunctionwithaninternal-
combustionengine,mostofthe?dneticenergyassociatedwiththe
blowdownperiod(theportionoftheetiuststrokefrometiust-
valveopininguntilcylinderpressurehasdecreasedtoe*ust-
collectorpressure)islargelydfssi~tedasheatintheezhaust-
gascollectorandnozzlebox. Thiskineticenergymy bepartly
convetiedtousefulwork,however,by jetstacksora suitably
designedturbine.Twoturbines,similarto~chi turbines,have
beenconstructedattheNACAClevelandlaboratoryforthispurpose.
Theresultsoftheinvestigationoftheperfomance & thefirstof
thesetwoNACAblowdownturbinesoperatinginConJunctionwitha
@ne-cyMnderradialenginearepresented.inreference1,whereit
isshornthata considerablesmountofkineticenergywasconverted.
toshaftworkandthatthepresenceoftheturbineCauseanoappre-
ciableenginepowerloss. #

Inasmuchastheinvestigationofreference1wasconilucted
overa limitedrangeofconditionswitha compamtivelysmalltur-
bineanda low-poweredengine,aninvesti~tionwasaccordin@y
ConducteaattheWA Clevelandlabomtoryovera greaterrangeof
variablesona largerblowdownturbineinstalledona high-powezwd
eng5ne.Eachunitwasloaddwitha separate-meter. E@ne
speedsd 2000,2400,and3000rp, engineinlet-~old pressures
of30and40inchesmercuryabsolute,a mnge offuel-airratios
from0.063to0.085,enda range& ratiosofeaimust-toinl.et-
mnifoldpressurefrom0.3to0.9werecovered.Ateacheetof
_ titi-, a mmge aPturbinespeedssufficienttodtitie
thewak valueofturbinehorse-r wasinvestigated.

Theeqerinentalperfonmmced theblowdownturbineis~e-
senteaalongwitha methodofcorrelatingthedata.Oalcul.ated-
compound-engineperformanceispresentedfora systemincorporating
a blowdownturbineandfora systemticorpmrbinga blowdownanda
steady-flowturbfieinseries.Emludedforcmparisonisthecal-
culatepetiormance& anenginesystemwithall-g-reasupe~
~, me Wth turbo~rckrg~, anda cmpoundenginewith
a steady-flowturbine.
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u
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Thefollowlngqmholssad

effectivenozzlear8a,

fuel-airmtio

abbreviations

Bquaxefeet

areus~ inthisreport:

massratio,32.17pounds@r slug

massflowafah, slugspersecond

massflowofe-ust gasthroughturbine,slugsyer second

*e speed, rps

netbrakehorsepower

netthrusthorsepmrer-

netthrustspecificfueloonsumptim,poundspernetthrust
horsepower-hour

turbinepoweroutput,horsepower

system-exhaustpressure,poundspersquare

enginetnlet-mmifoldpwssure,poundsper
absolute

pressuredrop,poundspersquarefoot

footabsolute

squarefoot

gasconstantforetiaustgas(frcmreference2),foot-
poundsperslugper%

effectiveturbine-inlettemperature,%
\

temperatureincrementequivalenttoturbinepoweroutput,%’

turbinepitch-linevelocity,feetperseoond

meanjetvelocityatturbine-nozzleexit,feetyersecond

etiustJetvelocity,feet~r second

airplanevelocity,feetpr second

-— .-. -.— —. — ...— ——— .— --—- —— —



4 NACATNNo.1735

v~ enginedisplacementvolume,cubicfeet

Ye ratioafspecMicheatsforeihaust@s (fromreference2)

~P WPellerefficiency,assumedtobe85yercent

7~ meanturbineefficiency

~T volumetricefficiency

#

JWmRATmAm mxEDuRE

Constructionofblowdounturbine.-Thenozzleassemblyof
theblowdownturbinewasccmstructedinsixsegments,eachc&er&
anarcof60°‘ofthenozzleperiphery.Frontandrearviewsofthe
assqblednozzleboxareshowninfigure1. Eachnozzlesegmenthad‘ .
anexitareaof2.83squareinchesina planeperpendiculartothe
gasflowandaccommodatedthegasfroma pair”aPcylinderswithnon-
overlayp~exhaustperiods.Theactualareaof17squareinches
thuscorrespondstoa totalaPfectiveareaof34squareinches.The
choiceM nozzleareaisdiscussedintheappendix.EIorderto
insureevendistributionofgasenteringtheturbine,eachnozzle
segmentwasfittedwithnineeqwallyspacedguidevanessetat
anglesof24°withrespecttotheplaneofthewheeL

Theturbinewheelhada pitch-linediameterofI-3.2inches,
was@marilyoftheimpulset=, andincludesa shroudringper-
manentlyfixedtotheindividualblades.Thewheelandtheshaft,
thebearinghousing,andtheoilsystemwereobtainedfroma co-
mmerciallymanufacturedturbosupercharger.“

A labyrlnth-t~sealwasplacedbetweenthenozzlediaphmgm
andthebearinghousingtopreventleakageintooroutofthetur-
binegassystem,andcompressedairwasusedtobalancetheseal
pressuresandcooltheenclosedpartcd?thebearinghousing.Pro-
visionwasmadeforcoollngbothupstreamanddowns@amsidesof
theturbinewheel.

Reciprocatingengine.-TheV-type,12-cylinder,liquid-
cooledreciprocatingengineusedintheinstallationwasthesame
asthatusedb reference3 andhadthefollowingperttient
spectl?lcations:

.

.
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5’c)

Bore,inches. . . . . . . . . . . . . . . . . . . . . . . . .5.50
Stroke,inches..’..... . . . . . . . . . . . . . . . .. 6.00
Displacementvolume,cubicinches. . . . . . . . . . . . . .1710
Co~essionratio. . . . . . . . . . . . . . . . . . . . . .6.65
Valveoverlap,degrees... . . . . . . . . . . . . . . . ...74
Superc~er-hpellerdiameter,inches. . . . . . . . . . . . 9.5
Supercharger-gearratio. . . . . . . . . . . . . . . . . . 8.1:1

AdditionalWormationconcerningtheengheanditsinstallation
arecontainedinreference3.

Testsetup.-A photographuftheblotiown-turbineinstallation
showingtheturbinewithitsdynamometerandtheaccessoriessection
ofthe-reciprocatingengineis-presededinfigure2. Theturbine
powerwasabsorbedbya 30&horsepower,manually-c~t~lled,high;
speedwaterdynamometer;theenginepuwerwasabsorbedbya 2000-
horsepower,electronically-controlled,eddy—current dynamometer.

Partoftheprogramwasconducted.withtheenginedzw?ingthe
chargeairfromtheroom.Whenthedesired.inlet-manifoldpressure
wasunattainableh thisway,thelabomtorycombustion-airsystem
wasusedtoticreasethepressureatthecarburetcwinlet.A butter-
flyvalvelocatedinthecharge-airintakepipebetweentheair-
measuringortiiceandtheenginewasusedtoadjustthecarburetor-
inletpressure.

IXhaustpipesframpairsofcylinderswithnonoverlapping
etiustperiods(cylinders1 and6,2 and5,sad3 ad 4 h each
bank)werejoinedandconnectedtosixturbine-nozzle-inletpipes.
Bellows-typee-ion jointswerelocatedintheengine-edmust
pipestopermitexpensionwhileinsuringa gas-tightsystem.The
exhaust,gasfromthetwbinewascollectedinanannularhoodof
circularcrosssectionanddischargedthroughfourradialpipesto
thelaboratoryexhausts@mm.

Turbineandenginetorquewereeachmeasuredwithabalanced
dlaphmgm-typetorquemeteranda mercurymanometer.Turbineand
enginespeedwereeachmeasuredwitha chronometrictachometer.

Anestimateofthemeanturbine-inletpressure(meanengine-
e-ust pressure)wasobtainedbyconduct=static-~ssuretubes
toa smallsurgetankfromeachofthesixpipesthatconnected
theengine-exhaustp?tstotheturbine-hletpipesa@ then
measuringthepressuretherein.Thesepressure+mibeswereplaced
downstreamofthejunctionofthetwoindividualcylinder-etiust

. .- —- — .—— — —.- ._. .—— — ._— _ -.—. ——...—.——. . . —
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streamsbutupstresmoftheMnds in
etiustpressurewasObtai.nt3aby two
JustUJ@XK@l@ 0~, dOWRSt133aJlld
turbinehood.

NACA939

theturbineducting.
piezometerrings,one

No.1735

TurMne-
located

~hefourdisoha~epipesinthe

Turbine-e@ustteq@ratureswereobtainedbyfourquadruple-
shieldedohmmel-alumelthezmooouples,oneineaohofthefour
turbine--ustpipes.Turbine-e-usttempensrburewasmeasured
tnsteadofturbine-inlettempmtum beoauseofthecyclicnature
oftheflowintheturbine-inletpipes.Atanygivensetofcon&l.-
tions,theturbinedischargedtoa sUbstantiaUyconstantpres~
thuspemittinggreaterreliabilityofthetemperaturemeasurements.

Testmethods.-Theinvest~tionwasconductedwiththeengine
throttlefullyopenforallruns,thecombustion-airthrottle
upstream& theoarburetabeingusedtoadjusttheengineinlet-
manifoldpressuretothedesiredvalue.Eoginespeed,inlet-manifold
pressure,fuel-air?xatio,andturbine-exhaustpressurewereheldat
constantvalueswhileturbinespeedwasvariedinticrementsthrough
a rangesufficienttodefinethepeakvaluesoftmbinehorsepower.
Sufficienttimewasallowedateachturbinespeeclforthemeasured
variablestoreachequilibrium.

Theinvestigationwasmade

-ew~, m.......
Engineinlet-manifoldpressure,
mezwuryabsolute. . . . . .

Fuel-airzatio. . . . . . . .

—

atthefollowingconditions:

. . . . . . . . WOO, 2400,3000
&ohes
. . . . . . .* **.. . . 30,40
● ..***. .0.063.0.069.0.085

u)4’m

Ratioofturbtie-exhausttoengti
# .

Wet-tiol.dpressme. . . . . . . . . . . . . . .0.3to 0.9

-e speeans heldwithti+5 rpm,manifolapressuretitti
&0.1inohmercury,andfuel-airmtiowithin+0.001ofthe
respective ae8ma VPLhMM.
temperaturewas900*150F,
~ti%-a at1500i+ F by
outlettemperaturewasheld

Asinreference3,theoarbureto~inlet
theengineoil-inlettemp~turewas
automaticoontrol,andthecoolant-
constantat220°+5°l?.

MEI’Hms(x?c4umIATIoI?
.

Thereductionofturbinedataaswellas
oompleteenginesyst~ ispresented.

thecalculationsof
●

✎

— —. ——. —-- . . . . .
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l?eduotionofTurbineIhta

7

Turbinepoww.-The.powerd?theblowdownturbinemaybe
expressed,asinreferences1 and4,titezmsoftheavailable
kineticenergybytherelatian

(1)

Itisshowninequation(1),however,thatcalculationofthe
efficiency~t requiresknowledgenotonlyofthemeasurable
quantities,turbinepowerandmassflow,bwtalsoofthemeanjet
velocityattheturbine-nozzleexit.~ a steady-flowturbine,the
theoreticalnozzle-exitvelocityiseasilyoomputedfromtheoryand
measurablequantities.Fortheeaseofintermittentflowsuohas
oooursIntheblowdownturbine,theinstantaneousvelocityisnot
~onstantthroughouttheblowdounprooessandthemeansetvelooity
Te isdifficulttodetemineanalytically.Itoanbeexpertien-
tallydetezmdned,however,(referenoe5)bydireotingtheexhaust
gasfromanenginecylinderthrougha nozzleagainsta pivoted
*get, thusp~mittingmeasurementofthejetthrust.Themesn
jetvelooltyVe isthethrustperunitmassflow.Reference5
reportstheresultsofsuohan investigation whereinthethrust
availablefkcma singlecylinderofan1820-oubic-tioh-displacement
enginewasdeterndnedforseveralexhaust-staokshapes,lengths,
andnozzle=eas.

an
of

It

W reference5,itwasshownthatthemeanjetvelooityfrc?n
individualcyUnderjetstaokcouldbeexpressedbya relation
thefom

()P&Te=fl —
Me

(2)

gastemperature,butnodatashowingtherelationaregiven.

Inordertocorrectturbineoutputandefficiencyforvariations
h gastemperature,theassumptionwasmadeinreferenoe1 thatthe
followingrelationbetweenVe @ temperatureapplied:

Ye ()P&=f2—
qc Te Me!lIe

(3)

.—— — .. . .. . . . . . . . . . . ——— .— ———. ... —-.—.



8 NMX m No.1735

Themeanjetvelocityasgiveninequation(2)wasusedInref-
erence1 tocalculatethemeanefficiencyofa blowdownturbine_(equa-
tion(l)).However,astheexactfunctionalrelationbetweenVe and
P#/& ~ bee~ectw tovaryfromengtietoengine,itisundesir-
abletoapplydataobtainedonme enginetoothere,particularly
whenthe~_lvetimingsareappreciablydifferent.Also,anysmall
errorin Ve wouldapproxlmatel.ydoubletheerrorinestimated
turbinepowerbecausethepowervariesas 72e . Theuncertainty
wouldbedecreased,however,iftheturbinedatacouldbe correlated
insucha_mannerastominimizethetiportanceoftheneedforexact
dataon Ve. Thatthiscorr+ationcanbemadeapprox-telyIs
shownasfollows:Rearrangingequation(1)anddindingthroughby
~Te @Vt3S

550Pt – 2Ve it

%%Te = 2~Te (4)

Theturbtieefficiencywasfoundtireference1 tobea func-
tionofblade%o-jetspeedratiou/tieand
fromequations(3)and(4),

–= f3(%’&2t)550Pt
+ =~Te (5)

Equation(5)indicatesthatforconstant
~ shouldbea functionofonlytheparameter

valuesof u/~e,
P&W=lfire” ~s-

muchas ~e isalsoa functitiof p~~ AJ~- (e~u~titi(3)),
itispossibletoplotV insteadofefficiencyagainstu for
vzmiousconstantvalues’ofp&& we inordertoillustrate
turbineperformance.Ontheassumptionthat-theturbtieefficiency
becomesa ~ ata constantvalueof u/Vereg=dlessofthe
valueof p~~ ~~g~ itshouldbepossibletoplotthemaximum
valuesof ~ obtainedfromvariable-speedrunsatconstantvalues
of p~~~~- againstp~~~~ endobtaina singlecurve
regardlessofhowtheindividualquantitiesintheparemeterare
varied.Itmightalsobeexpectedfroma considerationofthe

.

i
.

_.___— _ ._. _ _., . —————.,. . . .
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similarityofturbine-efficiencycurvesthatIf$/$. foreachof
theconstantp~~~~e” runewereplottedagainstu/?’e,a
singlecurvewOtiaresultforallvaluesof p#&$@. .

Althoughye iSstill.involvedh the~thd ofco~lat~
$/~H, itisnot expectedthat the scatter inthedatawillbeas
greataswould~esultfrcmtheuseofanefficiencythatinvolves
thesquareof Ve.

Effectiveturbine-inlettemperature.-TheeffectiveturMne-
tilettemperatureTe wasobtainedbyaddingthetemperatureincre-
mentequivalenttothemeasuredturbtiepowerperpoundofefiaust
gastotheturbine-e~usttemperature,asobtainedtramthe
quadruple-shieldedthermocouples.Thetemperatureincrementequiv-
alenttotheturbtiepoweroutputATe-wascalculatedbythe
relstion

*

ATe
()

550Pt ~e- 1
‘~ ye (6)

ThevalueOf ye waschosenatttibine-exhaustt-emperatureto
simplifythecalculationof ATe.Thevaluesofturbine-inlettem-
peratureobtainedinthiswayforauygivensetoftiable-turbine-
speedrunsatfixedengineconditionsshouldtheoreticallybea
cc&tant.W thisinvestigaticm,thevaluesof Te wereessen-
tiallyconstantforconstantengineconditions.

Turbinespeedandblade-to-jetspetiratio.-Theeffectof
turbinespeed.onturbinepowerisshownbyplotsoftheparameter
550Pt/i4eReTeagainstturbinespeed.~ ordertodeterminewhether
thei&iivi&alpower-speedourvesallconformedtoa singlecharac-
teri@icshape,theratioofturbinepoweratanyvalueofturbine
speedtothemaxhnumfai.redvalueofturbine.powerfortherunwas
plottedagainstthecalculatedvalueofblade-to-jetspeedratio
U/Vej whichistheratioofturbine-pitch-linevelocitytomeanjet

.

.
.— _____ _ ..–—.—. ____ _. _.._ _. ~ _ . _
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velocity at

ence5 were
theturbine-nozzlee=t. Valuesof ye fromrefer-
usedintheabsenceofa similar~e correlationfor

theengineinvestigated.Theemorintroducedbyused these
valuesisnegligible,aswillbesubsequentlyshown.

CompleteEngine-SystemCalculations

Bestpowerandbestecommyofthefiveenginesystemsare
~ G ordertodetermine
turbineyetiomance.

Netthrusthorsper and
cuted forthefollowingfive

system
A CampOundengine

flowturbines
B Compoundengine
c Compouuden@ne

therelativevalueoftheblowdown-

specificfuelconsumptionwerecal-
enginesystems:

Description
withgearedblowdownandsteady-

wtthgearedsteady-flowturbine
withgearedblowdown

D Turbosuperchargedengine
E Er&netithall-gearedsupercharging

Jetstacks

turbine

anaindividual

~ch sy%temincorpcuates,inadditiontoa 1710-cubic-inch-
displacementengine(with_-stage supercharger),anauxiliary-
stagesuperchargerwithanefficiencyof80percent,anintercooler
witha coolingeffectivenessof50percent,- a propellerfith~
@iciencyof85percent.~ systemsA,B,andC,theturbine
(turbinesinsystemA)drivestheatiliarysupercharger,@ the
excessturbinepowerisgearedtotheenginecmnkshaftthrougha
gearboxwithanefficiencyof95@rcent.Anefffciencyof80per-
centwasassumedforthesteady-flowtmbine.Aneffectivenozzle-
efitareaof0.236squarefoot(thesameasthatoftheinvesti-
gation)wasusedfortheblowduwnturbine.Theturbfne-ehust@S
passesthroughanaihaust-dischargenozzlewithanassumedvelocity
coefficientaf0.96.Forthecaseoftheturbosuperchargedengtie
(systemD),thesteady-flowturbineprovidesjustenoughpowerto
drivetheatiMary superc~er;thermainderaftheenergyin
thee~ust gasbecomesavailabletotheexhaust-dischargenozzle.

.

.

.

,

.
——— . . . . . ———
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InsystemE,thee@ne powernecessarytodrivethe
superchargeristmnsmittedthroughthegearbox;the
gasexpandsthroughindividualexhauststackstothe

11

auxiliary
engineexhaust
atmosphere.

Thecalculationsweremadeforanairplanevelocitycd?400miles
perhour,anenginespeedof2600rpm,anengineinlet-manifold
pressureof40fichesmercuryabsolute,anda fuel-alr ratioof
0.069fora rangeofengineexhaust-to-inlet-manifoldpressure
rat~ospe/~ sufficienttodeftiebothbestpowerandbestecon-
omyateachofsevenlaltitudesfromO to45,000feet.Theeffects
offlightramonengineinlet-man3foldpressuresadtemperaturewere
notconsideredbecausetheyinfluenceeachsystemina similar
manner.Therequiredspecific-heatdatawereobtainedfromrefer-
ence2.

Ehgtiedatafromreference3 wereusedasthebasisuponwhich
theperformanceofthevarioussystemswascalculatedbecausethe
scopeofthesedatawasgreaterthanthatofthepresentinvestigat-
ion. Thusallthesystemscouldbeevaluatedwiththesamebasic
engine.Auxiliarysuperchargerpowerwascalculatedaesumingthe
chargeairwasccxupressedfromambientaltitudeconditionstocar-
buretortop-deckpressure.Blowdown-turbinepowerwascomputed
fromthecorrelationcurveshereincludedassum~ anengine-exhaust
pressureequaltoturbine-=etpressure,nop?essuredropthrough
theturbtie,andoptimumturbinespeed.Theexhaust-gastemperature
dropequivalenttothepowerextractionoftheblowdownturbimwas
subtractedfromtheengine-e-usttemperatureandtheresulting
temperaturewasassumedtobethatattheinletofthenextexhaust-
energy-recoverydevice.Steady-flow-turbinepowerwasassumedto
bethatobtainedbyexpmiingallthee-ust gasfrm engine-
exhaustpressureandtemperature(blowdown-turbineexhausttemper-
atureinsystemA)toexhaust-discha~enozzle-inletpressure.

InsystemsA,B,C,andD,theturbine-leavingvelocitywas
takenintoaccountwhencomputingtheexitvelocityoftheexhaust-
dischargenozzle.Inaddition,thenozzle-inletpressurewasmain-
tatied.atthevaluethatwouldprovidemaxhoumnetthrusthorse-
powerforthecompleteenginesystem.ForsystemE,theexit
velocityoftheindividualetiuststackswasobtainedfromthe
correlationinreference5,etiust-stack-exitareabeingassumed
equaltoengine-etiaust-portarea.

Thenetbrakehorsepowerofeachsystemisconsideredtobe
thehorsepoweratthepropellershaftafterthecontributionsof
theturbine(orturbines)andthatoftheatilia&ysupemharger
havebeentakenintoaccount.

..—— —— —-. —.— .,— —,— - - .— ——.,.



I-2

Netthrusthorsepowernthpwasassumedtobe

(7)

wherethefuel-airmtio f is0.069andairplanevelooityPO is
587feetpersecond(400mph).

Netthrustspecificfuel

nt~c

REsums

cmsumptionntsfcis

3600fg&
=

nthp

ANDDISCUSSION

Turbineperformanceandtheperformances
systemsarepresented.

TurbinePetiomance

(8)

ofthecompleteengine

Turbinepower.-Representativeblowdown-turbinedataareshown
infigure3 whereturbinehorsepowerisplottedagainstturbine
speedformngesofenginespeed,enginei.nlet-manifoldpressure,
fuel-airratiojandnominalturbine-e~ustpressure.

Theeffecttienginespeedonturbinepowerispresentedin
figure3(a).Turbinepowerincreasedwithengbespeedaswoulabe
expectedinasmuchasthe~hargeflowand.themean-jetvelocityat
theturbine-nozzleexitVe bothincreasewithenginespeed.The
turbinespeedatwhichturbinepowerismaximumalsoincreasedwith
enginespeed.asischaracteristicfora given@uI-se-typeturbine.
(~ powerocoursata constantvalueofblade-to-jetspeed
ratioindependentofotheropemtingconditions.)

Theeffectafengineinlet-manifoldpressureonturbinepower
isshowninfigure3(b).Turbinehorsepoweragainincreasedwith
en@neinl~t-manifoldpressurebecauseoftheincreaseincharge
f’10WX Ve. Theturbinespeedcorrespxxlingto~ turbine
horsepoweralsoincreasedwithengineMet+udf’oldpressure.

.
Theeffectoffuel-airzatioonturbinepower

figllre3(c).m fuel-airmtiowasincreasedfrom
ispresentedin
0.063to0.069,

.

co*m

.- .—— —.
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turbinepowerincreasedslightlybecausea!?anincreaseinturbine-
inlettemperature(engineexhaust-gastempnature).Althoughno
datawereobtainedathigherfuel-airratiosfortheconditionsof
tliisfigure,itisexpectedthatturbinepowOrwOtiadecrease
slightlyasfuel-airratioisenrichedfrom0.069becausetheengine
e-ust-gastemperatureWOda dec~se. ‘

Theeffect of turbine exhaustpressure on turbine poweris
presentedin figure 3(a).Turbinepowerincreasedasturb_ti-
exhaustpressuredecreasedbecausethemeanjetvelocityVe
increased, andthe chargeflowincreased.ThechangeintheG
binespeedStwhichmaximumturbinepoweroccursisagaindueto
changeh Ve.

Themaximumturbinepwer
andwasdevelopedatanengine
-Ola pressure& 40inches
zatioal?0.085,andanavemge
14.4tithesmercuryabsolute.

shownonfigure3 is134horsepower
speedd 2000rpm,anengineinl.et- 1
mercuryabsolute,a fuel-air
turbine-ez%austpressureaf
A sl.i@tlylargerpuwer(142horse-

power)wasobtainedatotherco~tions,however.

Alltheturbinedataobtainedthroughouttheinvestigationare
presentedinfigure4 wherethevariaticmoftheturbine-power
parameter550Pt&Te withturbk speedisshownforvarious
engineQet-manifoldpressures,fuel-airmtios}W valwsof
%@l@Z” Curvesforenginespeedsti2000,2400,ati30Ulrpm
arepresented.

Eachcd’the-Mviduallyfai.reilcurvesarefora substantially
constantvalueofthetMmnsiml.esspanameterp#&~’-, as~di-
catedonthefigure.Theyareparabolictiformandoftheawnsgeneml
shapeasthosea!?meanturbine.efficiencyagainstblade-to-Jetspeed
ratioshowninreference1. TheslightirregularitiesInthesuc-
cession& theparameterp~~ ~~e areattfibut~toeqefi-
mentalerror. .

Turbine-powercorrelation.- P6akturbinepoweriscorrelated
infigure5(a)wherethemaximumfairedvaluesofthepmsneter
550Pt@eTe frcmeachcurveofco~tit p#&~’e ~ f@-
ure4 areplottedagainstthecorrespondingvaluesof p#&~~g.
Similardatafromreference1areincludedforcomparison.

Thevalueofthepowerparameterdecreasesata decreasing
rateasthevalueofthe‘-et= p&& -e ficreases.These .

.. —-.-- .._. .—. —.——.___e ._ ._——— —y... .....— —...— ...— — .... ....—...—
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curvesareindependentd fuel-airratioandengineinlet-mardfold/
.

pressure.h engine-speedeffectisinevidence,however,indicating
theimportance& additionalvariablestothoseconsideredinthe
correlationparameter. (04m

TheblowdownturbineM reference1 produceshighervaluesof
thepowerparameterfora givenvalued’ y#& ~~. Thisresult
wasexpectedinasmuchasdataobtainedfromtestsofthetwoturbine
wheels,eachopentingatsteady-flowconditio~,Mwte tmt the
wheelofreference1 idthemoreefficientons.

Effectofblade-to-jetspeedratioonturbinepower.- The
effectofblade-to-jetspeedratioonturbinepowerispresentedin
figure5(b)inwhichalldataobtainedintheinvestigationare
correhted.

Thecorrelationwasobta-dbydividingthevalue& the
turbine-powerpammeterforeachdatapointbythemaximumfaired
valueofthepowerparameterforeachcurveofco-t P#&A/”i
(fig.4)andllottingagainstthecorrespondingblade-to-~etspeed
~tiO ll~e.

Thecurveis independentofenginespeed,engineinlet-manifold
pressure,fuel-airzatio,md turbine--ustpressure.Maximum
turbinepoweroccursata valueofblade-to-jetspeedratioof
about0.4. ..

Theuseofvalues of Te fzmmfigure10& reference5 is
consideredsatisfactoryherebecauseanydisaepncythatmight
e=stbetweentheactualvaluesof ?e + thoseofreference5
enterfigure5(b)tothefirstpoweronlyandarethenminimized
becausethecorrectioncurveisfairlyflatinthevicinityafthe
peak.Theerrorintroducedbytheassumptionappearstobenegli-
giblebecausethecorrelationobtainedisgoodandtheshaped the
curveamdlocationoftheo@Amumblade-to-jetspeedratioobtained
ischaracteristicd theimp-ulse-typewheelinvestigated.

correlationofpressure@p throughengine-e-ustsystem
andturbine.- Thepressuredropthroughtheengine-e-ustsystem
andturbineiscorrektedinfigure6. .

Thecorrelation waseffected by dividing the pressure drop as
obtainedfrom the static taps in the six turbtie-inlet pipes ani
thestatictapstitheturbine-exhausthoodby the engine inlet-
manifoldpressuzeandplottingagainsttheratioofturbine-e~ust

. .. —— - .—. z — — — .— - —- ~—,,>~—— .
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pressuretoengtieinl.et-mamlfo~pressure.Ik&awerenotobtained
atallconditionsofopemtionbecause& occasionalmechanical
failureofoneoftheetiust-~essuremeasuringsystems.

At constantenginespeed, thepressuredropdecreaseswith
increasingblowdown-turbineexhaust~essureed thecurvelevel
riseswithincreasingenginespeed(fig.6). Thepressuredrop
indicatedinthecorrelationincludeslossesduetoa largePrt of
theetiaustpipingwithsevemlsharpbendsbetweentheengineand
theturbine.Althoughthevalititycd?theabsolutevaluesofthe
upstreampressuremeasurementsmaybedoubtiul.becauseofthecyclic
natureoftheflowinthetubes,itisbelievedthatthevalues&
thepressureareusefulinshowingthetrendd thepressuredmp
duetotheexhaustrestrictionfora rangeofopezatingconditions.

Effect& prosenceofturbineonen@nepower andvolumetric
dficiency.-Theeffect& thepresenceoftheturbineonengine
powerandvolumetricefficiencyisshowninfigure7. Thecurves
ofthisfigureareforenginespeedsof2000,2400,and3000rpm,
m inlet-man3foldpressureof40inchesmercuryabsolute,a
fuel-airmtioof0.085,anda catiuretor-airtempemtureof
9(30+50~.

Thevariationafenginebrokehorsepowerwith pe/~ isshown
infigure7(a).Thepessurepe referstotheturbinee~ust
whentheturbinewasinplaceandtotheengineexhaustwhenthe
turbinewasnotinthesystem,Thedataforthecaseoftheengine
operatingalonewereobtainedfromreference3wheretitheengine
-Usted toa moddfiedP-38exhaustcollector.,,

The difference in engine powerwithandwithouttheturbine
increaseswithticreasingenginespeedanddecreas@ pe/~
(froma valueofabout1.0).Ata value& pe/~ equalto0.36
andanenginespeedal?2000rpm,theenginedevelopea927horse-
powerwhentheturbtiewasnotinthesystemand890horsepower
whentheturbinewash thesystem.Thisengine-powerlossis
equivalenttoabout28percent& theturbinepowerobtainedat
optimumblade-to-jetspeedratioandtheaforementionedconditions.

Thislossinpowerisgreaterthanwasanticipatedfrm the
turbinedesignandisattributedtothecombinedeffectsofthe
largeflowresistancecd?theexhaustpipesconnectingtheengine
andtheturbineandthefactthatthedatafrm xwd?erence5,which
wereusedintheturbinedesifp,arenotdirectlyapplicable

..—---- ——--c— ..— — ——. ..———. — .
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quantitativelytotheengineofthisinvestigation.~oubtedly,
theengineper losscanbereducedatthedesignconditionby
utilizinga scmwhatlargerblowdown-turb~-mzzlearea.The
turbine-percorrelation(fig.5)wouldnd bemateriallyaffectea
bya chsmgeinnozzlearea(providedthegeomet~titheturbine-
nozzlediaphragmsissimilar) because thepeters thereofprop-
erlyaccountforsuchchange.

Thevariation ofvolumetric efficiencyqv with Pe/~ ‘s
showninfigure7(b).rntaobtainedwiththeturbineinplace
matchthefairedcurvesfrm reference3 (engineexhaustingtomea-
tiied2-38exhaustcollectm)fairlywellatlowenginespeedsand
valuescd?pe/~ throughoutthemnge investigate.As speeaiS
increasea,however,volumetricefficiencyeventuallydecreases.As
inreference5,exhaustrestrictionaffectspowerbeforevolumetric
efficiency.

PerformanceofCompleteEbgineSystems

Variationofnetthrusthorsepowerandspecificfuelconsump-
tionoffiveengine systemswithaltitude.-Thecalculatepetionn-
anceaPfivepropulsionsystemseachincorpo=tinga 1710-cubic-
inchdisplacementengineispresenteainfigure8 foranairplane
velocity& 400milesperhourovera zangeofaltitudesfromsea
levelto45,000feet.

Ashasbeenshuwn<inreference6,a compoundengineticorporating
a steady-flowturbinecanbeoperatedata ratioofenginee-ust to
engine-inlet-madfold~essuresuchthattheparer.isa ~m orthe
specificfuelconsumptionisa minimumfora givenaltitudeandset
cd’en@neconditions.Infigures8(a)and8(b),thevariationofnet
thrusthorsepowerandspecificfuelconsumptionwithaltitudeis
shownfortheconditionscorrespondingtobest-powerandbest-
economyoperations,respectively.Jhasmuchastheblowdown-turbine
compoundsystemA,theturbosupemkzgeasystemD,andtheall-
gearedsuperchargingsystemE alloperateatfixedvaluescd?ekust
press- fora givenaltitude,thecurvesrepresentingthesethree
systmsdonotchangeingoingfrombest-power(fig.8(a))tobest-
economyoperation(fig.8(b)).

Itisshownthatforbest-powerconditionsthetwo-turbine
systemA hasthehighestpowerandlowestspec~icfuelconsumption
d’allfivesystemsthroughoutthealtitude-e framessentially
sealevelto45,000feet.Itspoweris23percenthigherwitha

.
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pressuretoengineinlet-manifoldpressure.Ikrtawerenotobtained
atallconditionsofopez%atiaubecauseofoccasionalmechanical
failureofoneoftheexhaust-pressuremeasuringsystems.

Atconstantenginespeed,thepressuredrop@creaseswith
increasqblowdown-turbineexhaustpessuzwandthecurvelevel
riseswithincreasingenginespeed(fig.6). Thepressuredrop
Indicatedinthecorrelationincludeslossesduetoa largepartof
theexhaustpipingwithsevemlsharpbendsbetweentheengineand
theturbine.Althoughthevalidityoftheabsolutevaluesofthe
uptreampressuremeasunmentsmaybedoubtiul.becauseofthecyclic
natureal?theflow.inthetubes,it.isbelievedthatthevaluesaf
thepressureareusefulinshowingthetrend& thepressuredmp
duetothee-ust restrictionfora mnge ofoperatingconditions.

lKfectd presenceofturbineonenginepowerandvolmetric
efficiency.- The~ect afthepresenceoftheturbineonengine
powerandvolumetricec!?ficiencyieshowninfigure7. Thecurves
ofthisfigureareforenginespeedsof2M0,2400,and3000~,
engineinlet-mamifoldpressureof40inchesmercuryabsolute,a
fuel-airratioof0.085,anda carburetu-airtempemtureof
900+50F*

Thevariationofenginebrokehorsepowerwithpe/~ isshown
infigure7(a).Thepressurepe r@erstotheturbineexhaust
whentheturbinewasinplaceandtotheengineexhaustwhenthe
turbinewastitinthesystem,Thedataforthecaseoftheengine
,operatingalonewereobtainedfromrd?erence3whereintheengine
e~ustedtoa modified2-38etiustcollector.

Thedifferencei.nengine powerwithandwithouttheturbine
increaseswithincreasingenginespewW ti~s@! Pe/~
(frcma valueofabout 1.0). Ata valueof pe/~ equalto0.36
andanenginespeedC&2CQ0rpn,theenginedeveloped927horse-
powerwhentheturbinewasnotinthesystmand890horsepower
whentheturbinewasinthesystem.This~ine-powerlossis
equivalenttoabout28percentoftheturbinepowerobtainedat
optimmbl&de-to-jetspeedratioandtheaforementionedconditions.

Thislossin powerisgreaterthanwasantici~tedfrm the
turbinedesignand.isattributedtothecombinedeffectsd’the
largeflowresistanceofthe~ust pipesconnectingtheengine
andtheturbineandthefactthatthedatafromreference5,which
wereusedinthethrbinedesign,arenotdirectlyapplicable
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quantitativelytotheengineofthisinvestigation.Ihdoubtedly,
theenginepwer losscaubereducedatthedesignconditionby
utilizinga mmewhatlargerblowdown-turbine-nozzlearea.The
turbine-powmcorrelation(fig.5)wouldnotbennteriallyaffected
bya changeInnozzlearea(pmtidedthegeometryoftheturbine-
nozzled.iaphmgmsissimilar)becausetheparametersthereofprop-
erlyaccountforsuchchange. .

Thevariationofvolumetricefficiencyqv With pe/~ is
showninfigure7(b).Dataobtainedwiththeturbineinplace
matchthefairedcurvesfromreference3 (engineexhaustingtomod-
tiiedP-38efiaustcollectm)fairlywellatlowenginespeedsand
valuesof pe/~ throughouttherangeinvestigated.As speedis
increased,however,volumetricefficiencyeventuallydecreases.As
inreference5,exhaustrestrictioneffectspowerbeforevolumetric
efficiency.

PerformanceofCompleteEngineSystems

Variationofnetthrusthorsepowerandapecificfuelconsump-
tionaPfiveen@nesystemswithaltitude.-Thecalculatedperfozm-
ante@ fivepropulsionsystemseachincorpomt@ a 1710-cubic-
inchUsplacementengineispresentedinfigure8 foranairplme
velocityof400milesperhourovera rangeofaltitudesfromsea
levelto45,000feet.

Ashasbeenshownb-@emnce 6,a compundengineincorporating
a steady-fluwturbinecanbeoperatedata ratioofengineetiustti
engine-tiet-mzdfoldpressuresuchthatthepowerisa maximumorthe
specificfuelconsumptionisa minimumfora givenaltitudeandset
ofengineconditions.~ figures8(a)and8(b),thevariationofnet
thrusthorsepmerandspecificfuelconsumptionwithaltitudeis
shownfortheconditionscorrespondingtobest-powerandbest-
economyopezzations,respectively.Inasmuchastheblowdown-turbineI
caupoundsystemA,thetwbosuperchargedsystemD,andtheall-
gea.redsuperchargingsystemE allopemteatf-a valuesofex%aust
pressurefora givenaltitude,thecurvesrepresentingthesethree
systemsdonotchangeingoingfrombest-power(fig.8(a))tobest-
economyoperation(fig.8(b)).

Itisshownthatforbest-mr conditionsthetwo-turbine
systm A hasthehighestpower
& allfivesystemsthroughout
sealevel”to45,000feet.Its

,.

A lowestspecificfuelconsumption
thealtitudemngefrcmessentially
poweriS23percenthigherwitha
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correspondingfuelconmuqtion20percent lowerthanthat of the
turbosuperchargedengineD atanaltitude of 45,000feetforthe
givenconditions.

Theblowdown-turbinesystemC producesmorepowerthanthe
steady-flowturbinesystemB uptoanaltitudeof31,000feet.
Thespecific-fuel-consumptioncurvescrossatanaltitudeofabout
9000feet,abovewhichaltitudethesteady-flow-turbinesystemB
haslowerspecificfuelconsumption.Atlowaltitudes,systemC
yroducesaboutthesamepowerandspecificfuelconsumptionas
SystemA.

ThefolMwingtablesummarizestherelative~owerandfuel
conswptionofthefivesystemsatfouraltitudesksed ontheper-
fornwnceoftheturbosuperchargedengine(best-powerpe/~):

AltitudeGearedblow-Geared Gearedblow-Turbo-All-geared
(ft) downand steady-flowdownturbinesuper-superchaz@ng

steady-flowturbine(B)(c) chargedwithindivid-
turbines(A) engineualJet

(D) stacks(E)
Relativenetthrusthorsepower

—

o 108 100 108 10Q 105
15,000 113 106 111 100 102
30,000 118 107 107 10Q 95
45,000 123 109 102 100 87

Rektivenetthrustspecificfuelconsumption
o 92 98 93 100 98

15,000 88 91 93 100 103
30,000 84 90 95 100 109
45,030 80 89 lCQ 103 119 —

Theperformancecurvesforbest-economyconditions(fig.8(b))
aresimilartothoseoffigure8(a)andshowthatthetwo-turbine
systemA againhaslowerfuelconswptionthantheotherfour
systemsthroughoutthealtitudera~e. Theblowdown-tmbinesys-
temC hasa higherspecificfuelconsumptionthanthesteady-flow
turbinesystemBaboveanaltitudeofabout2000feetbutit
produceshigherpowerthanthesteady-flow-turbinesystemuptoan
altitudeofabout39,003feet.Theimprovementinspcificfuel
consuqtionforsystemsA andB ingoingfrombest-powertobest-
economyoperationisobtainedattheexpenseofa powerloss.
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SUMMARYOFRESULTS

Investigationoftheperfonuanceofa blowdownturbineinstalled
intheetiaustsystemofa 12-cylinder,liquid-cooledengineof
1710-cubic-inchdisplacementgavethefollowingresults:

1.Thepoweroftheblowdownturbineato~timumblade-to-jet
speedratiowascorrelatedona nondtiensionalbasissuchthatthe
resultantcurvewasindependentoffuel-airmtioandengineinlet-
manifoldpressure.

2.Turbineyeweratallvaluesofblade-to-jetspeedmtiowas
correlatedby~lotti~theratioofturbine~weratanyvalueof
turbinespeedtothemaximumfairedvalueofturbinepoweragainst
thecorrespondingblade-to-jetspeedratio.Minimumturbinepower
fortheturbineinvestigatedoccurredata valueofbladespeed
equaltoabout0.4ofthemeanjetvelocityattheturbine-nozzle
exit.Thecorrelationisindependentofenginespeed,engine
inlet-manifoldpressure,fuel-airmtio,andturbine-efiaustpres-
sure,

3.Theblowdownturbineinvestigateddevelo~ed134horsepower
(approximatelyMximumfortherangeoftheinvestigation)atan
averageetiustpressureof14.4inchesmercuryabeolutewhen
theenginewasoperatedata speedof2000rpm,anengineinlet-
manifoldpressureof40inchesmercuryabsolute,anda fuel-air
ratioof0.085. Thecorrespondingenginebrakehorsepower{from
faireddata)was890.Previouslyobtaineddataindicatedthatat
anengine-etiaustpressureof14.4inchesmercuryabsoluteand
thesameengineoperatingconditions,theenginewoulddeveloy
927horsepowerH theturbinewerenotinthesystem.

Fromcalculationsoftheperfozmnnceoffiveenginesystems,
the following resultswereobtained:

4.Atanaltitudeof45,000feet,theassumedcom~undengine
incoqmmtinga blowdowntmbineanda steady-flowturbinein
seriesintheengineexhaustandgearedtotheenginecrankshaft
produced23percentmorepowerthandida turbosuperchargedengine
operatingatthesameconditions.

5.Theblowdown-turbinecom~undengineproducedmorepower
thanthesteady-flowturbinecompoundengtieforthealtitude
rangefromsealeveltoabout31,000feetandlowerspecificfuel
consumptionforaltitudesupto9C00feet.
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low-altitude operation, the gearedblowdown-turbine
appro=tely the samepowerad economyas the system

incorpomtinga bl~- turbineanda steady-flowturbinein-
seriesdesignedforthebest-paweroperation.

I#mislKli@%F??opulsim~lm?atay,
NationalAdvisoryComi%teeforAeronautics,

Cleveland,Ohio,July16,1948.
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TURBINE-NO-AREAANDEZKMJSTRESTRICTION‘

Asis@cated inreferences3 and7andotherreportsin
whichthe effect of exlxaustpress- on enginepetiomkanceis mown,
enginepowerdecreaseswith increasing efiaust pressure (decreasing
exhaust-nozzlearea). Onthe other hand, it is genenallyexpected.
that theenergyrecoveryfmm theefiaustgaswillincreasewitha
decreaseine~ust-nozzlearea.Thedesignnozzleareaofdevices
forutilizationofenergyinengineetiaustgas,suchasturbties
andJetstacks,maythereforebequitecriticalifthesumofthe
powersofthereciprocatingengineandtheexhust-energy-recovery
deviceistobemaxhrum.

A discussionofnozzleareaapplicabletothepresentproblem
iscontainedinreference5,inwhichitisseenthatthechange
inhdicatedpoweratfixedengineconditions,thecriterionfor
choiceofnozzlearea,isa functionoftheratiope/~ andthe
quantityvdn/A.Reference5furthershowsthatforthecondition
ofnoenginepowerloss,thecriticalorpropervaluesof Vdn/A
increasewithincreashgpe/~. Inviewofthistrend,opt-
nozzleareafora compoundsystemincorpontinga reciprocating
engineanda blowdownturbinewillobviouslyticreasewithaltitude.
H a blowdownturbineistobetite~sedinthegasstreambetween
a reciprocatingengtianda steady-flowturbineandtheengineis
to’beoperatedata constantvalueof pe/~, a singleblowdown-
turbtie-nozzleareawillbesatisfactoryforallaltitudes.

Thettibhe-nozzleareaforthisinvestigationwasdesigned
fornoenginepowerlossatanenginespeedof3000rp anda ratio
ofebust toengineMet-manifoldpressureequalto0.7.The
variationof vdn/Awithye/~ forthe1820-cubic-inchdisplace-
mentengine(reference5)wasusedforthenozzledesignbecause r
similartitsforthepresentenginewereunavailable.Ata value
of pe/pmof0.7andnoenginepowerloss,a valueof /vdnA
equalto210ismoated. Bysubstitutingtheenginedisplacement,
anddesignspeedintherelationvdn/A= 210,therequiredeffec-
tivqnozzleareaforthe12enginecylindersis0.236squarefoot.
Ifthisannularareanormaltothedirectionofthee-ust-gas
flowweretobeincludedintheblowdownturbine,however,thetur-
binewouldbeundulylargeandheavy.Inasmuchaspairsofengine
cylhiersmaybeselectedsuchthattheyhavenonoverlappinge-ust
periods,onenozzlesegmentwithanareaof2.83squareinches
(one-twelfthoftherequiredeffectivenozzlearea)canservetwo
cy=ers. W thisway,theactualareawasreducedtoone-halfof
theeffectivenozzleareaandthustheweightanddiameterwere
reduced.
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(a) I%ontview.

.

(b) Rearview.

Figure1. - Blowdown-turbine

—— —— .--— .—— .,—

nozzleassembly.
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Figmre !2.- Blowdmn-turbine Ina’callathn.
R

I



.

.

. .-— — .—,. --’7 .-.
---- ., .,.

,-



TN No. 1735 27

(a) Effectof enginespeed. Engineinlet-manifoldpressure,
40 inchesmercuryabsolute;fuel-airratio,0.085;
turbine-exhaustpreqsure,29 to 30 inchesmerc~
absolute.

120.
Engineinlet-

mardfoldpressure
(In.Hg abs.)

100; — — —

J~
40

80.

60

~ T v ~

40-all! 30 ,x:111I ,,*1 I*1, , ,1, 1,n, ,* #I, , t , , ,*, * , ,, # rat,

6 8 10, 12 14 16xi03
Turbinespeed,rpm

(b) Effectof engineinlet-manifoldpressure.Enginespeed,
2000rpm:fuel-airratio.0.085:turbine-exhaust
press~ei21 to 22 incheimerc@f absolute.

FigLWO3. - Representativeblowdown-turbinepowerdata.
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(c) Effect of fuel-air ratio. Enginespeed,2400rpm;engtie
inlet-manifoldpressure,40 inchesmercuryabsolute;
turbine-exhaustpressure,25 to 26 inchesmercury
absolute.

6 8 10 12 14 16 18x103
Turbinespee~,rpm

(d) Effectof turbine-exhaustpressure.Enginespeed,2000rpm;
engineinlet-manifoldpressure,40 inchesnercury
absolute:fuel-airratio.0.085.

Figure3. - Concluded.Representa~lveblowdown-turbinepowerdata.
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(a) Enginespeed,2000rpm.

Figure4. - Vsriationof blowdomn-turbinepowerwithturbinespeed.

—--- .-— -—-— .—. .— ---- ____ _______ . . ...



.
NACATN No. 173530

—

/

.4

.3

.2

.1

Inlet-manifoldFuel-air

v:
,,* ,**,,,n * ,, ,,* #,,*,,,s*11,.In##

4 6 8 10 12 14 16x103
Turbinespeed,rpm

(b) Enginespeed,2400rpm.
Figure4. - Continued.Veriationof blowdown-turbinepowerwithturbine

speed.
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